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Introduction
Solar energy has proven to be a promising alternate energy source to the finite, environmentally harmful fossil fuels that are currently used as the world's main source of energy [1] . Inorganic solar cells, based on crystalline silicon, have demonstrated efficiencies in excess of 25 % [2] .
However, their manufacturing costs, high embodied energy and temperature dependant performance have restricted the widespread use of this technology [2, 3] . Consequently, research into alternative photovoltaic devices has been initiated. Organic photovoltaic devices, which utilise conjugated polymers and fullerene derivatives in the active layer, have shown promise as an alternative to traditional inorganic solar cells [2, 4] . Organic solar cells possess several advantages over their inorganic counterparts including: abundant materials for fabrication, can be manufactured using low-cost solution based manufacturing on flexible substrates, are lightweight and can be recycled [2, 4] . However, organic solar devices have three major disadvantages: stability, lifetime and efficiency [5] . Organic solar cells exhibit efficiencies lower than traditional devices, however, power conversion efficiencies exceeding 10 % have been recorded with these cells [6] . Work continues in order to improve the stability and efficiency of organic solar cells in order to make organic photovoltaics a sustainable technology [6] .
Traditional palladium-catalysed cross-coupling reactions (Suzuki or Stille) are commonly used in the preparation of conjugated polymers used in the active layer of organic photovoltaic devices [7] . These cross-coupling reactions involve the use of organo-boron or tin reagents which are expensive to prepare and toxic in the case of tin compounds [8, 9] . These drawbacks have accelerated the development of alternative cross-coupling reactions. Amongst these methods, direct arylation polymerisation (DArP) has shown great promise as an alternative to traditional routes [7] [8] [9] . DArP activates the C-H bond of heteroarenes facilitating coupling to an aryl halide.
This occurs without the need for organometallic reagents which minimises the number of synthetic steps [7, 9] .
The thieno[3,4-c]pyrrole-4,6-dione (TPD) moiety has been extensively investigated for use in organic solar cells [10, 11] . The TPD moiety possesses a high degree of structural symmetry and planarity, which can aid electronic delocalisation along the polymer backbone resulting in a low band gap and more efficient harvesting of sunlight. The electron deficient imide group renders the TPD moiety electron-deficient [10] [11] [12] . Thus, when polymerise d w i t h a n e l e c t r o n -r i c h monomer, the TPD unit can form a highly advantageous donor-acceptor arrangement which can improve charge transfer along the polymer backbone. Furthermore, the TPD moiety can be functionalised by attaching different solubilising groups to the nitrogen of the imide group [13] .
Leclerc et al initiated research into the TPD moiety by copolymerising TPD with benzodithiophene (BDT). The resulting copolymer exhibited an efficiency of 5.5 % [10] . Chu and co-workers synthesised the high molecular weight PDTSTPD-C8 copolymer which demonstrated an efficiency of 7.5 % when fabricated into BHJ photovoltaic devices [14] .
Recently, Clément et al investigated the impact side chains have in PBDTTPD polymers and the influence they have on the efficiency of BHJ devices. The research group discovered that TPD moieties substituted with n-heptyl substituents exhibited device s w i t h a p o w e r c o n v e r s i o n efficiency up to 8.5 % and a V oc of 0.97 V [15] .
Pyrene as a class of polycyclic aromatic hydrocarbons (PAHs) have been used in OLED, FET and recently OPV devices [16, 17] . Pyrene-based conjugated polymers have gained little interest from researchers relative to others PAH such as anthracene and naphthalene [18, 19] . The main reason for the limited numbers of reports is the restricted methodology for the functionalization of the pyrene moiety. The majority of synthesis reported in the literature has investigated the substitution of pyrene at the "1,3,6,8", "2,7" and "4,5,9,10" positions [20] . Pyrene is an electron rich, planar and symmetrical unit that should display a strong -stacking [21] . Liu et al reported the synthesis of series of pyrene-diketopyrrolopyrrole based oligomers for use in organic solar cells [17] . Py 2 Ph 2 Th 4 (DPP) 3 exhibited a low band gap of 1.60 eV. When fabricated into photovoltaic devices Py 2 Ph 2 Th 4 (DPP) 3 exhibited an efficiency of 3.71 % [17] . Recently, Wang et al synthesised PDTPy-alt-DPP which demonstrated an efficiency of 4.43 % when fabricated into BHJ solar cells using PC 70 BM as an acceptor [21] .
In this contribution, we report the synthesis and characterisation of four novel D-A polymers comprising alternate pyrene and TPD units, which were used as the electron donor and electron acceptor, respectively. Poly((2,2'-(4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene-2,7- 
Results and Discussions
Monomer synthesis 
Polymer synthesis
The four polymers were prepared via direct arylation polymerization. PdCl 2 (MeCN) 2 a n d 
UV-vis absorption spectroscopy
The UV-vis absorption spectra of PP EH DT-TPD O , PP EH DT-TPD HP [24] . TIPS-functionalized anthracene was used as an electron donor instead of pyrene moiety [24] . PTATPD(O), PTATPD(DMO), and PTATPD(BP) were synthesised with optical band gaps of 2.16, 2.14, and 2.12 eV, respectively. The pyrene-TPD based copolymers synthesised in this contribution exhibited lower optical band gaps relative to those prepared by Cartwright et al [24] . This can be ascribed to the additional benzene ring in the pyrene moiety which increases the conjugation length, producing higher coplanar polymer structures that increases -stacking in the thin film.
However, it should be noted that the anthracene-TPD based copolymers did not possess any thiophene spacer units [24] . The authors speculated that the lack of a spacer unit yield large amounts of intramolecular steric repulsion between solubilising groups along polymer chains which reduces the planarity and decreased the electronic conjugation [24] . Work conducted within this contribution suggests that the incorporation of spacer units, thiophene or bithiophene, minimises these intramolecular steric repulsions facilitating the formation of more planar polymer backbones with lower optical band gaps.
Thermal properties
The thermal characteristics of all polymers were investigated via thermogravimetric analysis (TGA). The analysis was conducted in an inert nitrogen atmosphere using a heating rate of 10°C 
Cyclic Voltammetry

The electrochemical properties of PP EH DT-TPD O , PP EH DT-TPD HP , PP EH DT2-TPD O and
PP EH DT2-TPD HP were analysed using cyclic voltammetry (CV) (Figure 3 ). The CV measurements were performed under an inert atmosphere of argon on drop-cast polymer thin films with a scan rate of 100 mV s -1 . The analysis was conducted in a tetrabutylammonium perchlorate electrolyte solution. The HOMO and LUMO energy levels were calculated from the onset of the oxidation and reduction, respectively. The data is summarised in Table 1 
Fabrication and testing of BHJ polymer solar cells:
The polymers and PC 70 BM were dissolved in chlorobenzene, and were then put on a hot plate held at 70 °C overnight with stirring to allow dissolution. The polymer:fullerene blend ratios were 1:3. Photovoltaic devices were fabricated onto pre-patterned ITO glass substrates (20 ohms per square) that were supplied by Ossila Limited. The ITO/glass substrates were first cleaned by sonication in dilute NaOH followed by IPA. A 30 nm thick PEDOT:PSS layer was spin-coated onto the ITO/glass substrates. These were then transferred to a hot-plate held at 120 °C for 10 minutes before being transferred to a nitrogen glove-box. All active layers were spin cast onto the glass/ITO/PEDOT:PSS substrate. The devices were then transferred into a thermal evaporator for deposition of a cathode (5 nm of calcium followed by a 100 nm of aluminium evaporated at a base pressure of 10 −7 mbar). The cathode was deposited through a shadow-mask producing a series of independent pixels. Devices were encapsulated using a glass slide and epoxy glue before testing. PCEs were determined using a Newport 92251A-1000 AM 1.5 solar simulator.
An NREL calibrated silicon cell was used to calibrate the power output to 100 mW cm −2 at 25
°C. An aperture mask having an area of 2.06 mm 2 was placed over devices to define the test area.
5-(4-Hexylphenyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M2):
4-Hexylaniline (0.66 g, 0.72 ml, 3.73 mmol) was added dropwise to a solution of thieno[3,4-c]furan-1,3-dione (0.5 g, 3.24 mmol) , in anhydrous THF (5 mL) under inert argon atmosphere.
The mixture was left to stir for 3 h at 50 o C. Upon completion, the mixture was cooled to room temperature and thionyl chloride (4.1 g, 2.5 ml, 34 mmol) was then added dropwise. The reaction mixture was stirred at 50 °C overnight. Upon completion of the reaction, the crude material was precipitated in a H 2 O:CH 3 OH mixture (60 mL: 30 mL). The crude material was filtered off and purified via silica gel column chromatography using CHCl 3 as the eluent. to afford the monomer as a white powder (0.80 g, 2.55 mmol, 79 % 
2,7-Bis(5-bromo-thien-2-yl)-4,5,9,10-tetrakis(2-ethylhexyloxy)-pyrene (M3)
2,7-Di(thien-2-yl)-4,5,9,10-tetrakis(2-ethylhexyloxy)-pyrene (2) (513 mg, 0.584 mmol) was dissolved in glacial acetic acid (15 ml) and CHCl 3 (15 ml 
